Starch gel electrophoresis of proteins was used to assess genetic differentiation and introgression across a contact zone between Parus atricapillus and P. carolinensis. Little or no differentiation was found at 35 presumed genetic loci, even between distantly allopatric population samples. Nei's (1978) genetic distance (D) was <O.001 for all comparisons. In contrast, Parus gambeli, another chickadee known to hybridize with atricapillus, was well differentiated at 3 loci (D -0.065). While the data suggest that atricapillus and carolinensis are closely related, they do not allow conclusions on the extent of introgression across the contact zone. The implications of these data are discussed in the light of the emerging pattern of isozyme variation in birds. THE evolutionary implications of hybridization in a contact zone depend on the extent to which gene flow is promoted by that hybridization. If the rate of gene flow is substantial, the hybridizing organisms form an evolutionary unit in the sense that most of the genetic variation available to one form is also available to the other. If gene flow is seriously impaired in the contact zone, then the hybridizing forms may be more or less genetically independent of one another. For most contact zones, the rate of gene flow can be inferred from the extent of introgression of parental characteristics across the zone. In the case of the Black-capped and Carolina chickadees (Parus atricapillus and P. carolinensis), however, achieving an accurate assessment of gene flow across their contact zone has been, and continues to be, difficult.
morphological and ecological characteristics. Thus, an atricapillus population introgressed with carolinensis characters would be hardly distinguishable from a pure atricapillus population, and vice versa. Furthermore, because the contact zone parallels an obvious ecotone in some areas, the possibility remains that selection gradients have produced the observed morphological differences (Robbins et al. 1986 ). Second, although the songs of the two forms are strikingly different, the value of vocal characters as markers of gene flow is questionable because learning may be involved in song ontogeny (Ficken 1981, Ficken pers. comm.), or dispersing individuals may adopt the song type of the local population in which they breed (Payne 1981).
These difficulties with traditional characters led to interest in other markers that could be used to trace gene flow across the contact zone. Isozymic traits determined by protein electrophoresis are attractive prospects as genetic markers because they provide discontinuous characters that generally are inherited in a simple Mendelian fashion. If a large portion of protein variation is selectively neutral, as has been suggested repeatedly (e.g. King Although these 13 birds cannot be identified safely as parentals, hybrids, etc. in terms of their morphological discriminant scores, they were representative of the entire contact zone sample, because the distribution of their discriminant scores did not differ significantly from the distribution of the entire sample (Kolmogorov-Smirnov test). All birds were collected with shotguns and frozen immediately on dry ice in the field. Later, the birds were thawed and heart, liver, kidney, and pectoral muscle collected. Tissue samples were stored at -60?C until use. Study skins and frozen tissue samples are preserved in the collections of the Louisiana State University Museum of Zoology.
Tissue samples were homogenized with 1-2 volumes of distilled water and clarified by centrifugation. Fifteen to 20 ,ul of the supernatant were loaded onto 10% starch gels and vertical electrophoresis carried out at 6 V/cm for 12-24 h. Specific staining techniques similar to those described by Harris and Hopkinson (1976) and Brewer (1970) were used to identify 35 presumed genetic loci. The loci assayed and the electrophoretic conditions used are summarized in the Appendix. When more than one locus with a particular enzymatic activity was scored, the loci were numbered beginning with the most anodal. Multiple alleles at a locus were designated alphabetically, beginning with the most anodal. Each bird was assigned a presumed genotype based on the pattern of bands in its electrophoretic phenotype.
The BIOSYS-1 computer program (Swofford and Selander 1981) was used to calculate indices of genetic variability and the genetic distances of Nei (1978) and Rogers (1972). The conformance of each population to Hardy-Weinberg expectations was assessed using a Chi-square test and an exact probability test (Elston and Forthofer 1977). To preserve sample sizes for tests of loci with more than two alleles, genotypes were pooled into three classes: homozygotes for the most common allele, heterozygotes for the most common allele and another allele, and all other genotypes. F-statistics were calculated by the method of Wright (1978) using BIOSYS-1. These statistics provide a means for analyzing population breeding structure in terms of correlations between uniting gametes. Barrowclough (1983) discussed the use of these statistics in analyzing avian populations. Fi, and Fit are fixation indices of the individual with respect to its subpopulation and the total sample, respectively. F., provides a measure of the differentiation of the subpopulations in terms of their progress toward complete fixation for alternate alleles. F,t has advantages over genetic distance in that it can be used to compare more than two populations simultaneously. It should be borne in mind, however, that F,t measures progress toward fixation, not absolute differentiation, and generally has smaller values when heterozygosity is high (Wright 1978).
RESULTS
Variation within populations.-Of 35 loci surveyed, 15 were polymorphic in one or more populations (Appendix). Eleven loci were only slightly polymorphic, however, having a single allele at a frequency greater than 0.05. Mean heterozygosities and percentages of polymorphic loci (Table 1) 
indicated that the variability of each population was within the range of values previously observed in passerine birds (Barrowclough 1980) and vertebrates in general (Nevo 1978). Values of Fi, for polymorphic loci (Table 2) were generally small, indicating little deviation from panmixia within local populations. A possible exception involved the dipeptidase-1 locus (see below). The mean of Fis over all polymorphic loci was not significantly different from zero (t-test).
Tests for conformance to Hardy-Weinberg equilibrium revealed only one case of heterozygote deficiency that approached statistical significance: the dipeptidase-1 locus in the contact zone population (P = 0.031, Chi-square test; P = 0.064, exact probability test). The biological significance of this deviation is questionable, however, because it results from an observation of two heterozygous individuals when only 4.7 heterozygotes were expected. Furthermore, because even allopatric atricapillus and carolinensis population samples were virtually identical in allelic frequency at this locus (Appendix), the relationship of any possible heterozygote deficiency to interbreeding between the two forms is unclear. This was the proline dipeptidase-2a allele, which occurred in atricapillus at a frequency of 0.125 but was not found in the carolinensis sample. An allele with such a low frequency is not promising for use as a genetic marker, however, because of the potential sampling error involved. For example, if carolinensis populations actually had the allele at the same frequency as the atricapillus sample, it would require a sample of about 50 individuals to ensure with 95% probability that the allele would be found (Gregorius 1980). With a sample size of 20 for each population, it is far from certain that the two populations actually differ in the frequency of proline dipeptidase-2a. For the multilocus comparisons, the genetic distances between atricapillus, carolinensis, and contact zone samples were very small (Table 3) . These values indicate a level of divergence more typical of local avian populations rather than levels generally achieved by separate avian species (Barrowclough 1980). The same conclusion may be drawn from the summary of F-statistics (Table 2 ). All Fs, values were small, and the mean of Fst over all polymorphic loci (FP.) is practically identical to the mean of Fs, (0.022) from a number of previous studies of conspecific bird populations (Barrowclough 1983).
Given the high degree of molecular similarity of the atricapillus and carolinensis samples, it was of interest to determine if other species of chickadees could be distinguished on the basis of protein patterns. We compared a sample of 15 Parus gambeli with the eastern chickadee samples. The P. gambeli were fixed for an alternate allele at the alanine aminotransferase-2 locus, and showed large frequency differences at both the proline dipeptidase-1 and the dipeptidase-1 loci (Appendix). These differences were reflected in the overall genetic distance measures (Table 3) . Clearly, molecular differentiation was detectable in gambeli, a species closely related to the atricapillus-carolinensis complex (see below).
DISCUSSION
The extensive molecular similarity of P. atricapillus and P. carolinensis samples in this study was striking. The samples represent populations that are differentiated morphologically and vocally and are currently considered to belong to distinct species. The populations sampled are separated by 1,200 km. Also, the narrow contact zone presumably could restrict gene flow. Yet, these samples are essentially indistinguishable at the protein loci examined. We considered several possible explanations for this observation.
First, it seemed possible that the lack of pro-[Auk, Vol. 103 Thus, there appears to be no consistent bias against electrophoretically detectable protein differentiation between chickadee species. We note also that at least some putatively conspecific Parus populations are known to have genetic divergence detectable by electrophoresis.
Braun et al. (1984) found significant molecular differentiation between the black-crested and gray-crested forms of the Tufted Titmouse (Parus bicolor). These forms hybridize locally in a narrow contact zone in Texas (Dixon 1955).
These studies of other Parus populations imply that there is nothing unusual about the genus that would preclude electrophoretic detection of differentiation between atricapillus and carolinensis. Next, it was pertinent to determine whether our techniques uncovered all the differentiation actually present at the loci surveyed. In-creased electrophoretic variation can be detected by systematically varying the experimental conditions (e.g. Coyne et al. 1979 ). The number of hidden alleles, however, may amount to only 10-20% of the final total of alleles (Aquadro and Avise 1982). A number of factors tended to ameliorate this shortcoming in our data; for example, a large number of buffer vs. locus combinations were examined in optimizing the clarity of banding patterns. Also, it is evident from the data of Aquadro and Avise (1982) that a significant portion of "hidden" variation may be detected by simply running gels longer. We routinely performed overnight runs. Finally, no electrophoretic survey can be truly exhaustive. There are certain to be many alleles that are undetectable by electrophoresis (Coyne et al. 1979), and staining techniques exist for only a small fraction of all structural genes. Considering these limitations, it appeared more reasonable to survey many loci for differentiation rather than to investigate intensively all the variation at a few.
The simplest conclusion is that these two forms have undergone very little divergence, at least at the loci analyzed. The Nei genetic distance (D = 0.001) between atricapillus and carolinensis is among the lowest ever reported for putative biological species. Barrowclough 1983) . In any case, extreme protein similarity cannot by itself be taken as strong evidence for conspecificity of bird populations.
Data compiled in this and a related study (Robbins et al. 1986) suggest that Black-capped and Carolina chickadees are extremely similar genetically and interbreed freely in at least one zone of contact (southwestern Missouri). The most likely reproductive isolating mechanism, song, breaks down completely in this zone. This evidence might be sufficient grounds for considering two forms conspecific in most cases; yet the evidence falls short of conclusively demonstrating introgression between their gene pools. Paradoxically, this occurs because no known differences between these chickadees are sufficient to be useful for measuring introgression across the contact zone. In this regard, it is ironic that Black-crested and Tufted titmice, two Parus forms much more differentiated at the morphological and molecular levels than are atricapillus and carolinensis ( We probably would not hesitate to treat Blackcapped and Carolina chickadees as a single species were it not for repeated reports of narrow gaps in their breeding ranges (Tanner 1952; Brewer 1963; Merritt 1978 Merritt , 1981 Although additional information may be necessary before a decision about the specific status of carolinensis and atricapillus can be made, they have passed one commonly applied test of conspecificity. Whenever the two forms breed syntopically, they hybridize readily and probably at random (Robbins et al. 1986 ). Thus, they do not qualify as a case where local breakdown of reproductive isolating mechanisms has caused hybridization between species that are clearly distinct in other areas, such as the towhees Pipilo ocai and P. erythrophthalmus (Sibley and Sibley 1964, Braun 1983) , the paradise flycatchers Terpsiphone rufiventer, T. rufocinerea, and T. viridis (Chapin 1948), or the sparrows Passer domesticus and P. hispaniolensis (Meise 1936). Fortunately, in the chickadee case, further research probably will yield information useful in understanding the evolution and dynamics of their contact zone and in making an objective decision on their species status.
